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Hair follicle regeneration is controlled by an intricate relationship between epidermal stem cells and their
microenvironment. A recent report in Nature by Rompolas et al. (2012) uses two-photon live imaging to inter-
rogate the spatial organization and cellular requirements for hair follicle regeneration by epidermal stem cells
and their immediate progeny.Somatic stem cells are required for
long-term tissue maintenance and tissue
regeneration. Lineage tracing analysis is
the preferred method for understanding
stem cell behavior in vivo. Here, fates of
irreversibly labeled stem cells and their
progeny are taken as retrospective mea-
sures for cell potential at the experimental
endpoint. Alternatively, studies of small
model organisms have illustrated the
importance of live imaging in understand-
ing complex organ formation and homeo-
stasis under physiological conditions. This
approach has recently been adapted
to higher vertebrates, where two-photon
microscopy has allowed deep penetration
into the trabecular bone in order to visu-
alize the hematopoietic stem cell niche
(Lo Celso et al., 2009). Now, Valentina
Greco and colleagues utilize a similar
technique to investigate stem cells in the
skin, and in particular the changes associ-
ated with hair follicle regeneration (Rom-
polas et al., 2012).
The epithelial component of the skin,
the epidermis, is an attractive model for
studying stem cells due to the importance
of its life-long maintenance and the dy-
namic nature of epidermal homeostasis.
The epidermis is composed of the interfol-
licular epidermis and its associated pilo-
sebaceous units encompassing the hair
follicle, sebaceous glands, and infundib-
ulum (Figure 1). Distinct stem cell popula-
tions are believed to maintain the different
compartments (Watt and Jensen, 2009).
The best-characterized stem cells reside
within the bulge region and contribute
to hair follicle growth. These cells were
initially identified based on their dormancy
(Cotsarelis et al., 1990), and subsequently
by multiple molecular markers (Tumbaret al., 2004). Stem cells that maintain the
other pilosebaceous compartments are
located in the region above the bulge
(Jensen et al., 2009; Snippert et al.,
2010). The relationship between the dif-
ferent stem cell compartments is, how-
ever, unclear.
The hair follicle constitutes a natural
model for tissue regeneration, as it under-
goes cycles of growth and regression
throughout life. Hair regrowth (anagen)
is initiated by specialized mesenchymal
fibroblasts (dermal papilla), which induce
a burst of proliferation in the juxtaposing
epithelial cells (hair germ or stem cell
progeny). Transplantation studies have
demonstrated that the ability to induce
hair growth is a unique feature of the
mesenchymal cells in the dermal papilla
(Jahoda et al., 1984). A few otherwise
dormant hair follicle stem cells, which
reside in the lower part of the follicle (the
bulge), are subsequently brought into the
cell cycle to ensure successful hair re-
generation (Greco et al., 2009). To obtain
a better understanding of the dynamic
behaviors of hair follicle stem cells dur-
ing hair regeneration, Rompolas and
coworkers utilized two-photon micros-
copy (Rompolas et al., 2012). A histone-
linked GFP specifically expressed in un-
differentiated epidermal cells allowed
them to track cell movement and cell divi-
sion. In line with previous observations,
the authors found that hair follicle stem
cells are dormant during the resting phase
of the hair follicle. Upon hair follicle initia-
tion, cells in the upper bulge, which are
perceived as the most quiescent, remain
dormant, whereas a few cells in the lower
bulge initiate cell cycling with no particu-
lar preference for the orientation of theCell Stem Cell 1mitotic spindle. In contrast, cells in the
hair germ (stem cell progeny) increase
the distance between individual nuclei
and undergo multiple cell divisions along
the axis of the hair follicle. The directed
expansion of the hair germ during the
early phases of hair follicle initiation is pro-
posed to generate a force that enables
the extension into the dermis. This is
reminiscent of the mechanism of con-
vergent-extension movement associated
with early vertebrate embryo morpho-
genesis and Drosophila tissue patterning
(Keller, 2002). These fundamental obser-
vations clearly demonstrate the impor-
tance of in vivo imaging. It will be im-
portant to investigate whether traditional
planar-cell polarity pathways or alterna-
tive mechanisms control the observed
process of hair follicle extension and
elongation.
Temporal regulation of hair follicle initia-
tion by mesenchymal cells in the dermal
papilla has traditionally been investigated
by grafting experiments or via administra-
tion of activating or inhibiting biological
compounds (Greco et al., 2009; Jahoda
et al., 1984). These approaches eliminate
our ability to study cellular interactions
within the tissues during homeostasis.
In order to assess the in vivo importance
of the dermal papilla, Rompolas et al.
utilize a second feature of two-photon
microscopy that allows them to eliminate
specific cells by laser-assisted ablation.
Guided by a reporter line that expresses
RFP in the dermal papilla, they target
this particular compartment in single hair
follicles. As predicted, loss of the der-
mal papilla arrests targeted hair follicles,
whereas neighboring follicles grow unper-
turbed. This finding not only demonstrates1, August 3, 2012 ª2012 Elsevier Inc. 141
Figure 1. Live Imaging as a Tool to Interrogate Stem
Cell Behavior in the Epidermis
The study by Rompolas et al. uses two-photon microscopy to
track cell behavior in the hair follicle stem cell niche (1 and 2)
and in stem cell progeny (3 and 4) and to investigate the func-
tionality of the epithelial-mesenchymal interactions in regener-
ation (5). The technique of two-photon microscopy described
here can now be utilized to address unresolved questions in
skin stem cell biology, particularly the relationship between
different stem cell compartments (6, 7, and 8). Moreover,
laser-mediated cell ablation provides a tool to probe the
relevance of the immediate microenvironment on stem cell
behavior (9 and 10).
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for hair growth, but also indicates
that the dermal papilla cannot be
replaced in vivo from neighboring
hair follicles or other mesenchymal
populations. Thus, two-photon im-
aging provides new insights into
cellular behavior and an exciting
new tool for cell-specific ablation.
This ability complements the cur-
rent toolbox for studying stem cells
in vivo (Figure 1).
As demonstrated by Rompolas
and colleagues, live imaging using
two-photon microscopy lends itself
to studies of stem cell behavior
during homeostatic hair follicle re-
generation. It provides repeated
measures of cell migration, division,
and contribution. However, studies
of single-cell behavior are limited
to 6–7 hr, which has significant
impact on the conclusions that can
be drawn on long-term stem cell
behavior. The epithelial organization
and specific structures within the
skin do allow repeated imaging of
particular hair follicles; however,
the temporal nature of this approach
leads to loss of single-cell identity.
The only way to reconcile this issue
is to develop methods whereby
mice can be kept anaesthetized for
longer periods or through using line-
age tracing analysis. Lineage trac-
ing analysis will allow the labeling
of single cells to ensure that thesame cell and its progeny are followed
over time. Within the hair follicle and the
epidermis, the relationships between
resident stem cells remain elusive, and it
is unclear whether an actual stem cell
hierarchy exists, or if the different popula-
tions are lineage committed (Watt and
Jensen, 2009). Live-imaging using an
approach relying on lineage tracing in
combination with the histone linked GFP
is likely to resolve the biological signifi-
cance of the observed stem cell heteroge-
neity. Likewise, little is known about stem
cell movement and the timing and direc-
tion of the division plane during homeo-
stasis and in epithelial wound healing.142 Cell Stem Cell 11, August 3, 2012 ª2012Perhaps the most exciting aspect of the
two-photon imaging is its ability to
eliminate other populations within the
epidermis, as well as the surrounding
mesenchyme, arrector pili muscle, and
nerve cells, to address how the imme-
diate environment affects cell behavior
(Figure 1). This does however require re-
porter lines for guiding laser-assisted cell
ablation.
Before two-photon microscopy and
cell-specific ablation can be utilized for
general purposes, there are several im-
portant issues that need to be addressed.
Although live imaging is a noninvasive
technique, phototoxicity occurring uponElsevier Inc.exposure to high-energy light has
been reported. It will consequently
be essential in future studies to
verify that the observed cellular
behavior is not affected by the
imaging itself. This is particularly
pertinent for the in vivo ablation
studies, as spatial constraints for
cell-specific ablation can create
artificial bystander effects. These
perturbations will include changes
in the microenvironment induced
by cell death and potentially inflam-
mation. In spite of these potential
pitfalls, two-photon live imaging is
a very powerful technique that has
opened a window into stem cell
behavior in vivo. As the technology
advances, it will become applicable
to additional tissues and further
add to our understanding of tissue
homeostasis.
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